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Understanding and mitigating the effects of phosphorus (P)
overenrichment of waters globally, including the evaluation of
the global Sustainability Development Goals, requires the use
of global models. Such models quantitatively link land use,
global population growth and climate to aquatic nutrient
loading and biogeochemical cycling. Here we describe,
compare, and contrast the existing global models capable of
predicting P transport by rivers at a global scale. We highlight
important insights gained from the development and
application of these models, and identify important near-term
opportunities for model improvements as well as additional
insight to be gained through new model analysis.
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Introduction

Phosphorus (P) is an essential, often limiting, macronu-
trient in freshwater systems [1] that, under certain con-
ditions, can also limit primary production in terrestrial and
coastal ecosystems [2—4]. By mining phosphorus and
using it primarily as a fertilizer, humans have more than
doubled the rate at which bioavailable P is supplied to the
terrestrial biosphere [5-8]. Widespread mobilization of
geologic P in agriculture has been necessary to feed a
large and burgeoning global population. However, P
runoff and leaching from agricultural fields and animal
production facilities [9], and flowing through inade-
quately treated sewage systems [8], has incurred substan-
tial environmental costs. These include increased fre-
quency and severity of hypoxic events, harmful algal
blooms, changes in primary productivity and ecosystem
function, often leading to decreased biodiversity,
impaired water quality, and increased greenhouse gas
emissions [10-13]. Understanding and mitigating the
effects of P overenrichment of waters globally, including
the evaluation of the global Sustainability Development
Goals (SDGs), requires the use of global models that
quantitatively link land use, global population growth and
climate to aquatic nutrient loading and biogeochemical
cycling. Such global P models are useful instruments to
evaluate global hotspots and future trends of aquatic P
loading under global climate and socioeconomic changes,
and can therefore help to provide insight in where and to
what extent better management and mitigation measures
are needed. A variety of models have been developed for
use at comparatively small (0.01-1000 km?) scales in
regions where model input and evaluation data are avail-
able, and these are reviewed elsewhere [14—-16]. Here we
focus exclusively on global P loading and transport mod-
els, which have emerged just within the past two decades,
following early pioneering work [17-19]. Such global
models are also useful at local and regional scales for
several reasons. They provide context for local observa-
tions and modeling efforts, helping people and govern-
ments understand where regions fall in terms of the
severity of their present-day and potential future P load-
ing problems. Global P models can also provide reason-
able estimates of P loading and sources in data-poor
regions where applying complex, locally or regionally
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calibrated models is not possible. Also, when evaluated at
the local-regional scale, Global P models provide a mech-
anism to test, evaluate, and, ultimately, improve under-
standing of how P sources and transformation control P
delivery to and through rivers and watersheds. Finally,
global models, when applied in a regional context, can
facilitate transboundary analyses that are often not possi-
ble using local water quality models.

Below, we: first, briefly describe, compare, and contrast
three ‘families’ of published global total phosphorus ('TP)
transport models, second, highlight major insights attrib-
utable to the development and application of these mod-
els, third, discuss important areas for future model
enhancement, and fourth, identify important research
avenues deserving near-term attention that can be
addressed with either existing or somewhat enhanced
global P transport models.

Global P models: key characteristics,
similarities and differences

There are currently three peer-reviewed ‘families’ of
global models capable of predicting river total P ('TP)
loading and transport: IMAGE-GNM, WaterGAP, and
Global NEWS. The specific version of each model
reviewed here is the most recent one capable of predict-
ing river TP loading and transport: IMAGE-GNM-TP,
WaterGAP3.2, and Global NEWS-2-TP for each model-
ing family, respectively. NEWS-DIP-HD, a high-resolu-
tion (half-degree) version of NEWS-2-DIP [20] is also
discussed. Each of these models is described in detail
elsewhere (See Table 1 and Supplement for primary
references), but some key characteristics that are shared
across all of these models are as follows. All models
include explicit representation of point (i.e. discrete, e.
g. sewage outfalls) and nonpoint (diffuse, e.g. fertilizer,
manure, and natural weathering) P sources, and all
attempt to account for P from both natural and anthropo-
genic sources. All models also account for in-stream P
sinks. All models can be used to estimate in-stream (main-

Table 1

Characteristics of global river P transport models

stem) P loads (kgP basin™'year ') and per-area yields
(kg P km ?year ') at the mouths of river basins (Table 2).
Finally, all models can, in theory, be applied retrospec-
tively and prospectively, although, to-date, only Global
NEWS-2-TP has been applied to look at future scenarios
(Table 2). The models also differ in some important
respects. For example, whereas WaterGAP3.2 and
IMAGE-GNM-TP estimate TP transport, and do not
estimate the contribution of various P forms (dissolved
inorganic P, particulate P, and dissolved organic P) to TP
loading, Global NEWS-2-TP calculates TP as the sum of
constituent P forms estimated using Global NEWS-2
submodels: Global NEWS-2 particulate P (PP), Global
NEWS-2 dissolved inorganic P (DIP), and Global
NEWS-2 dissolved organic P (DOP) [21].

Importantly, the three models differ in spatial scale of
output. Whereas Global NEWS-2-TP submodels calcu-
late whole basin export to the sea, NEWS-DIP-HD (a
comparatively high-resolution version of NEWS-2-DIP)
and IMAGE-GNM-TP produce output resolved at a half-
degree scale, and WaterGAP3.2 estimates TP loadings on
a 5 arc-minute global grid, although P retention in Water-
GAP3.2 is estimated at the watershed scale [22°°]. The
models also differ in temporal resolution. While IMAGE-
GNM-TP, Global NEWS-2-TP, and WaterGAP3.2 all
provide predictions of mean annual P export, IMAGE-
GNM-TP and WaterGAP3.2 have P delivery models with
a monthly time step [23°°]. Further, IMAGE-GNM-TP
has been applied to estimate TP export annually between
1900 and 2000, whereas Global NEWS-2-TP has only
been applied to examine discrete time slices in 1970 and
2000 [24,25]. Global NEWS-2-TP submodels have also
been applied to look at scenarios of change to examine
trajectories of coastal nutrient delivery between 2000,
2030, and 2050 [25]. Although such an analysis is possible
using IMAGE-GNM-TP and WaterGAP3.2, and
IMAGE-GNM-TP is formulated to make this relatively
convenient due to its relationship with the IMAGE
integrated assessment model [26], this work is still in
progress. Although work is currently underway to develop
a mechanistic instream biogeochemistry model that
describes transfers and transformations of the different
P forms using the IMAGE-GNM-TP framework [23°°],

NEWS-DIP-HD NEWS-Zoehis - sintpthsopply global model that can IMAGE-G
. . }Ilbdlbt bAPUlt Uf 111d1v1dual P fUllllD (LIIIDDU}V\./CII 111u1ga1u\,,
Model characteristics . . .
Input data Except for hydrology, dams and water residence time, NEWéolkﬁﬁfEx%lé%?%F n;?&?&?o&?f&b“r}ﬂé%% R?ﬂer residence time, NEWS inputHydrolog
data are generated by IMAGE model, see IMAGE-GNM-TP model. data are generated by IMAGE model, see IMAGE-GNM-TP model. temperati
Model input parameters also differ between existing aquacultt
models in important ways. For example, IMAGE ‘l’DVithdraW'
Spatial scale Half-degree GNM_Tﬁvépglagi%es aquaculture P effluent as a P P(.)mt Half-degr
source whereas other models do not. In addition,
Temporal scale Annual average INIAGE@M&v@Egéynamically computes changes in soil Monthly
Study region  Global P pools daidbet mporary subsoil and groundwater P storage Global
Nutrient forms  Dissolved inorganic [27]. P %?ﬁIV?Sékor%ﬁl%ﬁﬁﬁe‘i’sorﬁ?@lﬁ(f@&iqﬂathMEfgl Total
Primary referenceHarrison et al. [20] Beusen e
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scouring from floodplains is also included as a P source.
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Table 2

Questions that can be addressed using global river P transport models and the models that have been used to address these questions

NEWS DIP-HDNEW

Questions addressed by global P models

1. How much P reaches the coastal ocean? X

2. How do nutrient fluxes vary during the year?

3. What are the sources of nutrient pollution? X
3a Where are these sources within watersheds?

4. What sectors contribute to specific P forms? X

5. How much P is retained in soils and sediments within watersheds? X

6. To what extent will P fluxes change in the future due to climate, land use, and socioeconomic changes? X

7. How much of each form of P (particulate vs. dissolved, organic vs. inorganic) is transported by rivers at global scale?
8. How have human activities changed water quality, and what activities within watersheds are likely to improve water quality going forward (SDGX

6.3)?

Questions not currently addressed by global P models

9. What are some important tradeoffs between SDGs, and how are these likely to work? For example SDGs 2 versus SDGs 6 versus SDGs 11°?

10. How are C, N, P and Si in rivers interacting?

11. How important is the landscape and sediment P legacy currently and how important will it be in the future?
12. How do current and future P enrichments translate to freshwater and coastal eutrophication?

2 For DIP and DOP, but not PP.
b But limited to steady state.

° SDGs 2, 6, and 11 are related to ending hunger, water quality and sanitation, and sustainable cities and communities, respectively.

Importantly, IMAGE GNM-TP takes into account the
legacy effect of landscape N and P, which is needed not
only for the estimation of soil P storage, but also may be
important for better estimation of P export potential over
long periods. In contrast, Global NEWS-2-TP and Water-
GAP3.2 do not account for long-term P accumulation or
depletion from soils, opting instead to calculate P trans-
port as a function of annual or shorter-term (in the case of
WaterGAP3.2) P inputs to watersheds. Global NEWS-2-
TP, Global NEWS-DIP-HD, IMAGE-GNM-TP, and
WaterGAP3.2 also calculate in-stream P retention differ-
ently. Whereas Global NEWS-2-TP and Global NEWS-
DIP-HD account for P removed in reservoirs and with
consumptive water use, IMAGE-GNM-TP estimates in-
stream P retention using a nutrient spiraling approach
[19], which is in-turn calculated as a function of residence
time, depth and a constant uptake velocity, which is the
same for all water bodies, but corrected for temperature.
WaterGAP3.2 uses river depth, flow velocity, and a TP-
specific settling velocity, that includes biodegradation, to
calculate in-stream P retention [22°°].

Finally, global P transport models differ with respect to
both their capacity to attribute river and coastal P loading
to land-based activities and sources and the process by
which they achieve this attribution. The Global NEWS
dissolved P submodels (including NEWS-DIP-HD) can
be used to attribute coastal P delivery to a variety of land-
based human and natural P sources, including fertilizer,
manure, sewage (both detergent and human waste), and
natural weathering [29,30] (Figure 1c). In contrast, the
statistical nature of the NEWS particulate P submodel
prevents detailed source attribution [31]. Hence, it is not
currently possible to use NEWS-2-TP to attribute sources

of 'T'P to rivers and the sea. In contrast, IMAGE-GNM-
TP attributes TP to agricultural runoff, ‘natural’ (non-
agricultural) runoff, weathering, floodplain vegetation,
sewage, and aquaculture [24,32°%; Figure 1d]. Water-
GAP3.2 has also been used to estimate the relative
importance of various P sources, including sewered and
non-sewered point sources, manufacturing wastewater,
domestic non-point sources, inorganic fertilizer, livestock
waste, irrigation return flows, urban surface runoff, atmo-

spheric deposition, P weathering, and vegetation and soils
[22°°] (Table 2).

Differences in assumptions and structures between global
TP models have important implications for both source
attribution and how the models respond to scenarios. For
example, if a process or potential P source is not included
in a model, there is no way to evaluate how TP loading
will respond to changes in that process or source in a
scenario. A specific case-in-point is that IMAGE-GNM-
‘TP is the only model which would show any sensitivity to
changes in aquaculture development because it is the
only model that includes this P source. Similarly, Water-
GAP3.2 1s the only model that would show changes in P
loading as a response to changing dust deposition rates as
it is the only P model with an atmospheric deposition
term. The models will all respond differently to potential
changes in climate as they each implement somewhat
different assumptions about the relationship between
water runoff and non-point P transport to surface waters,
and only IMAGE-GNM-TP contains an explicit link

between temperature and natural weathering rates.
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Figure 1
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Coastal total P delivery (Mg P/basin/year) predicted by Global NEWS-2-TP (a) and IMAGE-GNM-TP (b) models, and sources of dissolved inorganic
P attributed by the NEWS-DIP-HD model (c) and sources of TP as estimated by the IMAGE-GNM-TP model (d). TP from Global NEWS 2 is the
sum of dissolved inorganic P, dissolved organic P and particulate P. *Aquaculture sources are not considered in the NEWS-DIP-HD model.

Recent successes

Understanding where river P fluxes are high (and rapidly
changing)

Global NEWS-2-TP and IMAGE-GNM-TP models pro-
vided the first global, spatially explicit estimates of global
P delivery to coastal zones [21,29-31,32°°]; Global
NEWS-DIP-HD and IMAGE-GNM-TP provided the
first-ever estimates of DIP and TP delivery to (and
through) the surface freshwater component of watersheds
[20,32°°]. WaterGAP3.2 and IMAGE-GNM provided the
first-ever estimate of TP loading to the world’s largest
lakes [22°°]. Understanding spatial patterns of P loading
to freshwaters and the coastal zone addresses an impor-
tant knowledge gap, helping to identify regions with high
P pollution (hotspots). This understanding has also
allowed researchers to identify regions meriting further
study (e.g. China [33], Manila Bay, and the Bay of Bengal
[34]) and, when used in conjunction with N export
models, can highlight where nutrient ratios are changing
rapidly [32°°], potentially modifying aquatic ecosystems
and species composition.

The spatial distributions of high yielding watersheds
predicted by Global NEWS-2-TP and IMAGE-GNM-
TP show some important similarities (Figure 1a and b),
with the Amazon, Yangtze, Ganges, Mckong, and Mis-
sissippi rivers showing up among the top-ten exporters of
coastal P (kgP basin~'year ') in both models. Water-
GAP3.2 indicates these areas are also hotspots for TP
loading to large lakes [22°°]. There are also some impor-
tant differences between model predictions for

watersheds globally. For example TP loads in large,
high-latitude rivers appear to be greater in NEWS-2-
TP than in IMAGE-GNM-TP (Figure 1a and b). In all
existing global TP loading models, basins with highest
predicted P exports have either high water discharge,
intensive agriculture, or both.

Global NEWS-2-TP indicates that globally, particulate P
is the most abundant form of P reaching the global coastal
zone (6.6 TgPyear ! globally), followed by DIP (1.4 Tg
P year '), with somewhat less DOP exported from water-
sheds (0.6 TgP year ') [25]. IMAGE-GNM-TP provided
first maps of within-basin (0.5° x 0.5°) TP loading to
surface waters and Global NEWS-DIP-HD did the same
for DIP, showing that P loading hotspots play a dispro-
portionately important role in controlling P loading to
surface waters and the global coastal zone [20,32°°]. In the
case of DIP, cities appear to play a disproportionately
important role, with cities of populations >100 000 people
(Iess than 2% of global land area) contributing in excess of
35% of total DIP loading to surface waters globally [20].

Understanding the human imprint on river P loads

In addition to creating first-ever global maps of P loading
and status, global models have also been used to estimate
the human impact on global P transport. Based on a
comparison of year 1900 and year 2000 output from
IMAGE-GNM-TP, humans have tripled P inputs to
surface waters, which, in turn, has increased total P export
to the global coastal zone by 74% [32°°]. Source attribu-
tion output from Global NEWS-DIP-HD indicates that

www.sciencedirect.com
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humans have more than tripled the rate of coastal DIP
delivery [20]. For TP, humans have had their greatest
impact globally through agricultural expansion and inten-
sification ([21,22°°,32°°]; Figure 1c), whereas for DIP,
sewage is the single greatest contributor globally
(Figure 1d). Such knowledge is essential to effective
water quality management. Indeed global models can
be used to explore the impact of multiple drivers (i.e.
P sources or factors controlling the efficiencies with which
such sources are delivered to aquatic ecosystems) on river
TP loading and transport, not just TP sources, but also
climate, hydrological, societal, and economic drivers.

In addition to hindcasting, these models can also be used
to evaluate scenarios of future socioeconomic develop-
ment, climate, and land-use change. By feeding the
models input that is altered to account for a global change
element of interest, it is possible to estimate how future P
loading is likely to change under different socioeconomic
scenarios (e.g. shared socioeconomic pathways (SSPs);
[35°,36,37,38°], climate scenarios (e.g. representative con-
centration pathways (RCPs); [39,40]; nutrient use scenar-
i0s, and integrated land use and climate scenarios (e.g. the
Millennium Ecosystem Assessment (MEA) scenarios
[41]). Such exercises, which have to-date only used
MEA storylines [41] (not SSPs and RCPs), have shown
that increases in delivery of DIP, the most readily bio-
available P form, to surface waters are almost certain to
occur as populations increase, agriculture expands and
intensifies, and as sewers are built in developing countries
(while accompanying water treatment infrastructure
often lags far behind). Estimates of increases in coastal
DIP loading range from 37 to 57% globally between
2000 and 2050, depending on the socioeconomic scenario
[25]. In contrast, PP loads are projected to decrease due to
dam construction over the same time period across a wide
variety of scenarios [25]. Because the anticipated changes
in DIP and PP loading are of similar magnitude, global
"T'P fluxes could either increase or decrease, depending on
the scenario [25]. This suggests that P management is
critical in determining whether cultural eutrophication
continues to worsen at the global scale. It also highlights a
need to better understand PP bioavailability (see below).
Further intensifying the need to understand P dynamics
is the fact that if nitrogen mobilization continues apace as
projected [42,43], P limitation may become more preva-
lent, and additions of P to ecosystems could have an even
greater impact than they do under present conditions.

Challenges & opportunities

Despite progress over the past two decades in modeling P
transport to and through aquatic systems, a number of
challenges and opportunities remain. One puzzling out-
come (and research opportunity) resulting from the com-
parison of several P models is that there is substantial
uncertainty regarding even the total global rate of P

delivery to the coastal zones. Global NEWS-2-TP and

IMAGE-GNM-TP produce estimates of global P export
that differ by more than a factor of two (9 Tg P year ' for
Global NEWS-2-TP versus 4 TgPyear ' for IMAGE-
GNM-TP). IMAGE-GNM-TP has a somewhat better
model performance than Global NEWS-2-TP on the
dataset of large rivers used here as estimated by their
Nash-Sutcliffe efficiency coefficients (NSE; Figure 2).
However, there is some indication that IMAGE-GNM-
TP underestimates P export from high-exporting basins
such as the Amazon, Ganges and Yangtze [44] rivers. It is
also possible that NEWS-2-TP overestimates TP export
from low-load basins (Figure 2). One important differ-
ence between Global NEWS-2-TP and IMAGE-GNM-
TP that may explain the discrepancy between their
estimates of global TP export resides in how the two
models treat the relation between agriculture inputs
(manure and fertilizer) and delivery to the surface waters.
In Global NEWS-2-TP a runoff-dependent fraction of
annual agricultural P balance (P inputs minus P removed
via harvest and grazing) is delivered to rivers but this load
from non-point P sources does not respond to accumula-
tion (or depletion) of TP in soils through time. In
IMAGE-GNM-TP the delivery of TP to surface water
is dependent upon the soil P content, which is in-turn
determined by the local history of P accumulation (or

Figure 2
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Comparison of measured and modeled TP load as predicted by the
NEWS-2-TP and IMAGE-GNM-TP models for large (>20 000 km?)
basins globally with available TP load data. Nash-Sutcliffe Efficiencies
(NSE) values for the two models are shown, and n=12 for both
measurement-model comparisons. Shaded area and dotted lines
represent range +/— a factor of two and +/— one order of magnitude,
respectively.
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depletion). This is the main reason that IMAGE-GNM-
TP estimates much lower delivery of TP to surface waters
than Global NEWS-2-TP. Another important difference
between Global NEWS-2-TP and IMAGE-GNM-TP
that may explain some of the discrepancy between their
estimates of global TP export is that IMAGE-GNM-TP
includes an explicit in-stream TP uptake and removal
process whereas Global NEWS-2-TP does not. In Global
NEWS-2-TP, in-stream removal of TP is assumed to
occur only in reservoirs and with the removal of water
for consumptive use (e.g. irrigation). The global impor-
tance of long-term, net TP removal and uptake along
large river flow paths is uncertain and an important area
for future investigation. More broadly, better understand-
ing all the sources and processes involved in river P export
is urgently needed to enhance our capacity to predict P
delivery to coastal zones globally. To support the attain-
ment of this understanding, there is a clear need for more
and better river TP (and other P form) load data.

At the global scale, P transfers are dominated by particu-
late P originating from diffuse sources [23°°,45], and
therefore controlled by hydrological/climatic conditions.
It has been shown in many small scale studies that most of
the diffuse P delivery occurs during precipitation events
[46,47]. Such nutrient flushing from land to surface fresh-
waters can lead to episodes of severe water quality dete-
rioration [48], which can, in-turn, under certain condi-
tions, affect water scarcity/availability [49]. These
dynamics are not yet in global P loading models but
are likely to be quite important [23°°]. Hence, the impact
of hydrology on P transfers at submonthly time scales
should be included in future iterations of global P models,
and TP loadings during extreme rainfall events should be
explicitly accounted for in order to refine the potential of
global models to identify periods and locations of
increased eutrophication risk.

Finer than annual temporal resolution may also be key in
that such time steps allow models to estimate when (and
how) nutrient ratios change during the year and therefore
when conditions favor harmful algae growth (e.g. during
times of P abundance coupled with strong N and Si
limitation). Annual models do not capture such dynamics,
and thus incorporating seasonality into global P models
would help to quantitatively link P loading to P impacts
(e.g. HABs, cyanobacteria blooms, global indicators of
eutrophication status). Attaining appropriately scaled
(subannual) input and validation data presents an impor-
tant, although ultimately surmountable, challenge.

Given that PP is the dominant form of P export to coastal
areas, but is typically less biologically available than DIP,
better understanding and modeling the bioavailability of
PP is necessary to better interpret the implications of P
loading model outputs. In the few regions and studies
where PP bioavailability has been assessed in freshwater

systems (Northwest and Northeast USA), the bioavailable
fraction of PP ranges from <5% to 69% of TP with most
between 20%-30% [50-52]. The bioavailability of PP
may vary more than this at the global scale as these
studies currently represent a limited subset of watershed
types and geographies. In the studies that do exist, PP
bioavailability is heavily influenced by differences in
treatment processes of point sources, and surface runoff
and discharge conditions [50,52,53], both further linked to
the properties of eroded sediment and climatic condi-
tions. Therefore, linking PP transport modeling with
sediment/soil mobilization and transport might improve
estimates of P availability and hence P impacts on receiv-
ing aquatic ecosystems.

One key process governing both the mobility and bio-
availability of PP, which has been demonstrated as impor-
tant to P cycling at finer scales (e.g. Ref. [54]) but is not
yet incorporated into global models, is the sorption/
desorption interaction of dissolved P with particles in
soil, surface water and ground water. P desorption is likely
to be particularly important in estuaries, as seawater
anions compete with dissolved PO4*~ for exchange sites
on particulates and enhance the availability of formerly
adsorbed P. Froelich er a/. [55] posited that available P
could increase by a factor of 2-4.9 as rivers discharge into
the marine environment as a result of this mechanism, but
little work has been done to test this hypothesis beyond
the few systems in which it was originally reported.
Linking river P export models to estuarine P processing
models remains a key challenge.

Additional model enhancements that could greatly
increase the utility of global P models include: first,
the broader inclusion of time-lags in P delivery from soils
to surface waters that clearly exist in nature (‘P legacy’
effects) [56] but are only present in one of the existing
global P models: IMAGE-GNM-TP, and there only at an
annual scale, second, explicit representation of interac-
tions between P and other nutrients (and other types of
water pollution), and third, explicit feedbacks on P
dynamics resulting from ecosystem conditions such as
hyoxia, which can increase P solubility and mobility [57].
Finally, enhancing model representation of within-basin
spatial heterogeneity of P sources, sinks and predictions
allows for better source attribution (e.g. with DIP and
urban areas), enhanced quantification of P loading and
storage, enhanced model evaluation potential, and facil-
itates a range of potential model applications (e.g. exam-
ining freshwater P loading of wetlands, lakes, reservoirs,
and streams or P retention potential). Although care must
be taken to evaluate higher-resolution models using
appropriately scaled data, rapidly improving computing
speeds and global P loading data sets are creating exciting
opportunities to apply global P loading models with
higher spatial resolution than has been feasible to-date.
Increased spatial resolution of Global P models may raise
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challenges for large-scale scenario analysis efforts, and, in
some cases may not represent an improvement over
locally developed and tuned models (of which there
are many), but increased spatial resolution could also
greatly facilitate the use of global models in addressing
problems such as algal blooms. For example, determining
sources and processes contributing to algal blooms in
transboundary watersheds or in coastal zones receiving
inputs from rivers draining multiple countries (or con-
tinents) will likely require the use of global models. In
addition, where water quality measurements are not
available, having better integration of terrestrial data in
river P loading models, will allow for better predictions
based on similar sites that do have data.

In addition to opportunities for model improvement,
there are also opportunities to use existing, or slightly
improved, version of global P models to address critical
questions that have not yet been addressed. One area ripe
for progress using existing models is quantitatively link-
ing P inputs to surface waters with lake and river ecosys-
tem functions such as primary (and even secondary)
production. Although there is a rich literature linking
local and regional P loading to eutrophication of surface
waters, global patterns remain poorly understood [58].
The recent advent of satellite products with chlorophyll
information along with recent advances in P transport
modeling set the stage for exciting progress in this area
[59].

Additionally, as noted previously, much useful insight
could be gained from additional scenario analyses, espe-
cially ones employing a model inter-comparison approach
[60]. Simply using the latest RCPs and SSPs to drive
existing P transport models would yield novel under-
standing of how global changes are likely to affect P
transport in the future. Even greater insight would result
if these analyses also encompassed interactions with other
nutrients (e.g. nitrogen and silica) and aquatic pollutants
(e.g. pesticides, pathogens) [61]. Such scenario analyses
have the potential to inform large-scale policy agendas (e.
g. both water quality sustainability development goals
(SDGs) and other SDGs). For example, increased access
to sanitation in conjunction with P recovery technologies
could advance human health, food security (i.e. by
increasing access to recyclable nutrients like P), and
energy SDGs [62°], but these types of scenarios have
not yet been integrated with water quality models and
thus environmental SDGs. Similarly, use of legacy P has
been put forth as a way to meet global food security goals
with less dependence on newly mined mineral P [63], and
could be used in conjunction with IMAGE-GNM-TP to
explore how effective such P mitigation strategies are
likely to be in attaining freshwater and coastal water
quality SDGs. Finally, scenario analyses can be coupled
with source attribution and economic cost-benefit analy-
sis to examine the environmental and economic costs

associated with potential P mitigation strategies. Work is
ongoing to develop a theoretical approach for such anal-
yses [64]. Such efforts would essentially seek to find
effective, low-cost solutions to P overenrichment that
could help guide national and regional efforts to maintain
or restore aquatic ecosystems. Using global scenarios for
such analyses may be particularly important to inform
international agreements and proposed interventions (e.g.
with the Baltic Sea [65]). Addressing such questions will
require enhanced global P models and experts working
across disciplines (e.g. biophysical scientists and modelers
working in teams with economists and social scientists).

Conclusion

Within the past two decades, global P loading and trans-
port models have granted useful insight into: P loading
hotspots, P sources, and drivers of P delivery to surface
waters historically, currently, and under future scenarios.
However, there is still much room for improvement in
model performance and representativeness, and key
questions remain to be answered. Opportunities to
achieve model improvements include: first, increased
temporal resolution, including representation of ‘event’
fluxes, second, improved representation of sorption/
desorption dynamics in groundwater, rivers, and (espe-
cially) the coastal zone, and third, the incorporation of
interactions between P and other nutrients, ecosystem
conditions, and non-nutrient pollutants. Efforts to
achieve all of these model enhancements would be
greatly facilitated by the collection of more river P flux
data. Key research opportunities that could be achieved
using either existing or enhanced global P models
include: first, quantitatively linking P delivery to aquatic
ecosystem function (e.g. primary production), and sec-
ond, examining and evaluating potential costs, benefits,
and efficacy of P mitigation strategies, and how well
nations are meeting water quality targets, including water
quality SDGs.
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